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Introduction
More than 50% of Americans acknowledge taking dietary supplements, 1,2 with sales more than tripling since passage of the Dietary Supplement Health and Education Act in 1994. 3, 4 In many cases, these dietary supplements are prepared from Dr Joshua J. Kellogg obtained his PhD in natural product chemistry and ethnobotanical nutraceuticals from North Carolina State University. He is currently a researcher in the lab of Professor Nadja Cech at the University of North Carolina at Greensboro, investigating the relative contributions of natural product mixtures to antibacterial activity. Dr Kellogg is the recipient of an NRSA Postdoctoral Fellowship from the National Institutes of Health. His research is centered around the development and application of metabolomic approaches to complex mixture analyses, with a focus on endosymbiotic microorganisms to drive discovery of novel bioactive compounds.
Dr Jeannine S. McCune, Pharm. D. is Professor in Population Sciences at City of Hope Cancer Center. Dr McCune's NIH funded research seeks to identify clinically relevant biomarkers using pharmacokinetic and pharmacodynamic modeling of cancer prevention and treatment. Her natural project research focuses on natural product-drug interactions that can affect the efficacy of cancer prevention and treatment. She has received over $2 million in NIH funding as a Principal Investigator to support her research and has over 100 publications. She has served in various professional leadership positions, and is currently the Chair of the CSR Cancer Prevention Study Section.
Dr Mary F. Paine is an Associate Professor in the Department of Pharmaceutical
Sciences, College of Pharmacy and Pharmaceutical Sciences, Washington State University. Dr Paine received her BS in pharmacy at Oregon State University, her PhD in pharmaceutics at the University of Washington, and completed a post-doctoral fellowship in clinical pharmacology at the University of Michigan. Her longstanding research program, funded continuously by the National Institutes of Health, focuses on adverse interactions between conventional medications and natural products. Dr Paine leads the Center of Excellence for Natural ProductDrug Interaction Research, a multidisciplinary effort involving clinical pharmacologists, natural products and analytical chemists, and health informaticists to provide leadership in the study of these complex interactions. Dr Paine has coauthored more than 90 publications as original research articles, invited reviews, and book chapters. She is currently an associate editor for the journals Clinical Pharmacology and Therapeutics and Drug Metabolism and Disposition. botanical (plant based) material, and as such are referred to as 'botanical natural products.' Countless studies have been devoted to the scientic evaluation of the safety and/or efficacy of botanical natural products. Investigators involved in such studies face a unique set of challenges (Table 1 ). The research methodology for evaluating safety and efficacy of conventional (pharmaceutical) drugs operates with the assumption that the product being tested is a single compound of known purity, identity, and concentration. Natural products differ from their pharmaceutical counterparts in that they are typically complex mixtures, for which the identities and quantities of components present are not fully known. The composition of these natural products can vary depending on the method of preparation or source material used. 5 Such variability can impact the interpretation of in vitro, non-clinical in vivo, and/or clinical studies.
To enable studies to be as robust and as widely applicable as possible, selecting, characterizing, and ensuring continued quality and consistency of a botanical natural product is an essential task. The ideal characteristics of a botanical natural product used for research studies include that it is authenticated (of known identity), well-characterized in terms of potentially active constituents, and stable (Table 1 ). At present, many studies are conducted with botanical natural products that lack one or more of these characteristics. Herein, we seek to provide guidance for effective selection of botanical natural products prior to in vitro, nonclinical in vivo, or clinical evaluation. We discuss the relative merits of potential analytical approaches, including state-of-theart metabolomics techniques, and recommend specic, effective and practical guidelines (Fig. 1) . The recommendations we provide are informed by the coauthors' experience for several decades researching botanical natural products, culminating in our role as investigators participating in the Center of Excellence for Natural Product Drug Interaction Research (NaPDI Center). The National Center for Complementary and Integrative Health established the NaPDI Center to address the need for robust methods to study the potential for natural products to precipitate clinically signicant pharmacokinetic interactions with conventional medications (natural product-drug interactions). 6 While the focus of the NaPDI Center is specically on the evaluation of interactions between conventional drugs and natural products, the recommendations provided herein are more broadly applicable to the selection of botanical natural products for any in vitro or in vivo investigation (including studies to evaluate efficacy or toxicity).
Terminology relevant to botanical natural products
"Natural products" are a broad range of substances that can come from a variety of sources, including bacteria, fungi, marine organisms, and plants. The term can be used to describe both complex mixtures and single isolated compounds that come from these mixtures. For this publication, we focus specically on botanical natural products, i.e. natural products derived from plants. Such botanical natural products are available for use by consumers in a variety of forms, including capsules containing raw or extracted material, extracts, teas (typically raw plant material that is extracted in hot water prior to use), tinctures (ethanolic extracts), and traditional formulations such as powders used in Traditional Chinese Medicine or Ayurvedic practices. In this manuscript, we use "botanical natural products" as an umbrella term to describe complex plant-based preparations. Terms used elsewhere include: supplements, herbal medicines, herbal drugs, herbs, botanical preparations, nutraceuticals, phytomedicines, and botanical medicines. Additional denitions for terms used in this manuscript are provided in Table 1S (ESI †) .
From a regulatory perspective, distinctions are oen made between various botanical natural products depending on how they are used by consumers. The regulatory approaches and classications of botanical natural products are complex and differ from country to country, and a detailed comparison is beyond the scope of the current work. 7 The majority of botanical natural products consumed in the US (including the examples discussed in this manuscript) are regulated either as foods or dietary supplements. From a scientic perspective, the way in which the products are classied and regulated is less Dr Nadja B. Cech is the Patricia A. Sullivan Distinguished Professor of Chemistry at the University of North Carolina at Greensboro (UNCG). She has had a lifelong interest in the use of plants for medicine, stemming from her involvement as a child in establishing one of the world's largest medicinal plant and seed companies, a company still operated by her family today. Dr Cech leads a dynamic research group at UNCG, for which a major focus in the development of metabolomics as a tool to understand synergy and complexity in biologically active botanical natural products. This work has been continuously funded by the National Institutes of Health for more than 15 years, and was awarded the Jack L. Beal Award from the Journal of Natural Products in 2011. Dr Cech is a member of the Center of Excellence for Natural Product Drug Interaction Research, and Co-Director of the Medicinal Chemistry Collaborative (https:// mcsquared.uncg.edu/). important than the material from which they are prepared, and much of the information presented herein is relevant to botanical natural products broadly dened, regardless of their regulatory classication.
3. Journal and government agency guidelines for characterization of natural product study material Several agencies provide guidance for the type of information that should be obtained about a natural product prior to its use for research purposes. The United States Food and Drug Administration (FDA) recommendation regarding botanical drug clinical trials species that the investigational new drug application contains "a chemical identication for the active constituents or characteristic markers in the drug substance, if possible". 8 The National Center for Complementary and Integrative Health (NCCIH), a component of the National Institutes of Health, funds a large portion of the research conducted on botanical natural products in the United States. NCCIH has established a "Natural Product Integrity Policy", which requires that researchers provide information about the identity, Fig. 1 Recommended steps in the selection of botanical natural products for research purposes (in vitro and/or in vivo studies), and important questions for consideration with each step. extraction solvent, characterization (i.e., metabolite prole), stability, standardization, and storage of all natural products that will be used in NCCIH funded studies.
9 Some individual journals also provide specications for how complex botanical natural products should be characterized before data on these products can be published. [10] [11] [12] [13] Journal editors have a great deal of inuence in this regard, since their publishing requirements cross geopolitical borders. 14 
Literature research
Before beginning botanical natural product studies, it is useful to obtain information from the peer-reviewed literature regarding: (1) identities of major metabolites, especially those that may be biologically active; (2) potential in vitro or in vivo targets and activities; and (3) current knowledge gaps. A recent publication by the NaPDI Center addresses useful strategies for critically evaluating botanical natural product literature to identify gaps in the knowledge base. 6 Due to the complexity of natural product constituents, it is important to note that reported chemical structures may contain errors or inconsistencies. Thus, the literature review by an organic or natural product chemist trained in structure elucidation is recommended.
Another important topic to research during sourcing of botanical natural products is information regarding traditional and consumer usage of the product to be studied. The investigator will wish to answer questions such as: what are the most common species used medicinally? Which plant parts (for example, roots, leaves, berries) are typically used? What types of preparations (capsule, tincture, tea, compress, topical versus internal) are employed? Some information of this nature may be available in the peer-reviewed literature, but it is oen necessary to seek other sources. as well as industry or retail sales reports. 4, 19, 20 5. Obtaining botanical natural product study material
Prior to conducting in vitro, non-clinical in vivo, and/or clinical studies, it is important that researchers identify an authentic natural product (i.e. correct assignment of genus and species) that is available in sufficient quantity to conduct the studies. In the case of clinical studies, this product should be selected to closely resemble (or be identical to) the commercial product(s) used by the target population. Where is such a product obtained? One option is to purchase this material from a commercial distributor. Alternately, researchers may opt to obtain raw material and prepare a natural product themselves or to employ a contract laboratory for formulation. 21 Finally, several suppliers provide high quality reference materials of botanicals for research purposes. Here we discuss the importance of voucher specimens and compare the relative merits of various sources of botanical material.
Voucher specimens
Under optimal circumstances, a voucher specimen of any botanical natural product to be studied is collected at the same time and from the same lot that the study material is obtained. The voucher specimen consists of an intact, dried sample of the plant material, including the ower when possible, and as many parts as can reasonably be collected, i.e. roots, stem, leaves, owers and/or seeds. 22 The voucher specimen is used for taxonomic identication of the study material by a trained botanist or otherwise qualied individual. Herbaria have existed for centuries, 23 and these vouchers serve as historical records of plant specimens, and modern uses of these go beyond taxonomy, including areas like conservation biology. 24 Thus, a pressed and dried sample of the voucher is deposited in a regional or national herbarium, where it is catalogued and stored for future reference. Herbarium vouchers are essential for preserving a record of the original sample tested and provide lasting, public access to that material in perpetuity. Authentication and retention of voucher specimens is required by major natural product journals. [10] [11] [12] 25 For example, for the Journal of Natural Products, authors who "purchase dried 'herbal remedies' or other materials from companies must make provision for their proper deposit in a herbarium or other permanent repository, for access by future workers". 10 Another example is Phytochemistry, which mandates that samples, "must also include a reference to voucher specimen(s) and voucher number(s) of the plants or other material examined" as well as "the name and address of the authority who identied each non-cultivated plant investigated". Similar guidelines are in place for other major natural product journals. 11, 12, 25 5.2 Contracting an independent laboratory to prepare study material One way to obtain quality study material is to contract a laboratory to prepare the botanical natural product study material from raw materials to pre-determined specications. This approach has been employed by other research groups.
21,26,27 A major advantage of employing a contract laboratory to produce study materials is that the researchers can be responsible for ensuring the quality, consistency, and rigor with which the material is prepared. However, contracting a laboratory to prepare a formulation can be expensive, and the production of Investigate botanical usage information, including common species used, physiological portions harvested, and preparation. Utilize both peer-reviewed resources, government reports, and industrybased information.
such formulations is time-consuming and requires access to specialized facilities and expertise. Even more importantly, a botanical natural product prepared by a contract laboratory may not reect commercial products being consumed by the general public. Thus, many researchers opt instead to conduct studies with commercial products (the same products used by consumers Many botanical natural products can be purchased from online distributors, health food stores, grocery stores. The advantage of purchasing commercial botanical natural products for study is that it is possible to select material that directly reects what is being used by consumers (with the caveat that there may be a great deal of variability among commercial products). In addition, for clinical studies, commercial products have the advantage of being "food grade" meaning that they can be administered to human subjects. On the other hand, it is difficult to control quality and ensure correct identity of botanical natural products obtained from commercial sources. Commercial botanical natural products typically do not come with associated voucher specimens. Additionally, adulteration or mis-identication of commercial natural products (both intentional and unintentional) is common. [30] [31] [32] For example, in the process of selecting commercial products of goldenseal for clinical studies by the NaPDI Center, we identied several preparations sold as goldenseal (Hydrastis canadensis) that were a different botanical, Chinese goldenthread (Coptis chinensis). 29 
Optimal number of samples to analyze
When a study will be conducted with commercial products, the question arises as to how many samples should be evaluated before one is selected for study material. The goal is to select a sample set that is representative of the variability in products used by the target population. How can this be accomplished? Purchasing every potential commercial botanical natural product would theoretically be an ideal strategy. However, this is not always feasible due to constraints of time and cost. If a botanical natural product has a relatively small commercial footprint, it is possible to acquire all available products at a given time. As an illustrative example, the 35 commercial goldenseal samples selected for the second NaPDI Center study represented an estimated >90% of the readily available commercial products. 29 However, when a botanical natural product is found in hundreds or potentially thousands of products, the logistical and potentially nancial hurdles of sampling a great number of samples must be taken into account during this planning stage.
For analyses of commercial samples, there has not been a conventional minimum value set on the number of samples needed to yield a robust analysis. Previous studies on botanical natural products have sampled as few as ve products, 33 with many sampling 10-18 samples;
34-37 while some procure over 75 commercial products. 38 We elected to select a minimum of 30 commercial samples for each of the NaPDI Center's studies on green tea (34 products) 28 and goldenseal (35 products).
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Importantly, these samples were selected based on sales data to represent the products most widely purchased for use by US consumers (our target population). The result was a sample set that captured variability among the products most widely consumed and could be realistically handled within constraints of processing and analysis time. Certain botanicals are unavailable as authenticated references, and references must be obtained by other means. In some cases, it is possible to contract third-party vendors to obtain vouchered botanical samples. Another option is to purchase raw or minimally processed plant material from a nursery or farm, or, in the case of a botanical that grows wild, to harvest it from its native environment (sometimes termed "wild craing"). In these cases, a voucher specimen should be collected at the time of harvest. For wild-harvested plants, permission of the landowner or overseeing agency should be sought prior to collection. 39 Researchers seeking to collect botanical material for research purposes should also be aware of regulations that govern intellectual property related to that material. In 1992, the United Nations, through the U.N. Convention on Biodiversity, enacted recognition of traditional knowledge and the natural resources that go with that knowledge. The Convention on Biological Diversity codied enforcement of ecologically sound harvesting practices and sharing of any intellectual or economic benets that may arise as a result of the utilization of that traditional knowledge. [40] [41] [42] Even though the United States did not ratify this treaty, many funding agencies, particularly those of the National Institutes of Health, have chosen to adopt the principles of this convention. 43 In addition, during the 10th conference of parties of the Convention on Biological Diversity, 43 the Nagoya Protocol was adopted, which is a legally binding protocol for access to genetic resources and benet sharing. 44 Again, since the United States is not a party to the Convention, this creates a gray area. However, this is another example where journal editors have a great degree of inuence, as some journals (for example, Planta Medica) now require verication that study materials were acquired in accordance with the Nagoya Protocol, as it is interpreted by the country from where the sample was collected. This latter point is important, as individual countries have interpreted how to handle the Nagoya Protocol differently. Ultimately, collecting a plant specimen is not a trivial matter, especially when done outside the United States, and we recommend working with local authorities and seeking guidance and consultation from individuals with relevant experience before doing so.
Authentication
Once a botanical sample (or series of samples) has been collected for analysis, an important step is "authentication," i.e. the denitive determination of the species represented by the sample. 13, 45, 46 Botanical samples can be authenticated by multiple means, including examination of voucher samples, DNA barcoding, and both untargeted and targeted characterization of chemical constituents. Whenever possible, more than one technique should be applied to conrm the identity of a botanical sample. However, the type of processing that a sample has been subjected to will determine which techniques are effective for authentication, as described in the following section.
Authentication by microscopic and morphological characteristics
Traditional methods used to authenticate botanical samples rely on examining the morphological and microscopic characteristics of representative voucher specimens. For example, macroscopic observations surrounding the arrangement (e.g., alternate, opposite, whorled) and shape (e.g., elliptic, ovate, cordate) of the leaves, the shape of inorescence (e.g., cruciform, head, spurred) as well as its type (e.g., raceme, umbel, spike), the classication of the root system (e.g., taproot, brous root) can provide insight into the genus and species of the plant material. Similarly, microscopic examination of the histological characteristics of plant parts (e.g., stems, roots and rhizomes, bark, leaves, owers, seeds, wood) can also aid in positive identication. These techniques, whether independently or in combination, have formed a baseline of approaches for botanical natural product quality control, and they continue to serve as essential methods used in pharmacopeia worldwide. 47 However, accurate microscopic and morphological analysis requires a trained expert, and the robustness of these procedures is also reliant on the presence (and expert knowledge) of diagnostic characteristics that enable one natural product to be separated from another. Challenges arise for closely related species and plant parts that share similar morphological structures yet could have differing biological activities.
Studies conducted using natural product extracts, botanical supplements, and commercial material are subject to several obstacles to authentication. When using commercial suppliers as material sources, voucher specimens are not always readily available. Identication by morphology or microscopy is not suitable for extracted natural product materials, and it may be difficult to determine the identity to the species level. Thus, to address the need for additional, more robust methods, researchers developed complementary techniques of differentiating botanical natural products.
Authentication by DNA barcoding
DNA barcoding is a genetic technique used to identify species using specic differences in small regions of DNA. 48 Barcoding is an effective tool in authentication of botanical natural products that are comprised of fresh, dried, or powdered material, where intact DNA is still present. 46, 49, 50 However, the DNA barcoding approach is more difficult when applied to botanical extracts. The manufacturing process for botanical natural products may involve heat treatment, oxidation, extraction, distillation, ltration, pressing, encapsulation, spray drying and/or UV light exposure, and these oen lead to removal or degradation of DNA. DNA barcoding is not feasible for processed botanical products where the DNA is either not present or potentially highly degraded, or where there are two or more species present (either mixtures of active botanicals or the use of botanical "ller" such as rice). 50 Unfortunately, DNA barcoding is occasionally used to characterize processed botanical natural products without recognition of these limitations. For example, in 2015, the New York State Attorney General investigated potential adulteration of commercial products. This investigation employed DNA barcoding methodology to suggest that only ve of 24 samples actually contained the purported botanical natural product, 51 and as a result many of the products were subjected to a forced recall. However, the methods and results of the study were suspect. Among other concerns, there were reports of cross-contamination of the samples, and the investigation focused on botanical extracts, not whole plant
Box 2 Summary of recommendations: obtaining study material
When harvesting cultivated or wild botanical specimens, collect additional material for identication and accession to an herbarium. Procure sufficient number of commercial products to be representative of the overall market population. In our studies we evaluated a minimum of 30 different products. For commercial samples that are dried, powdered, or pre-extracted, obtain additional authenticated reference material for identication. Either a commercial source or a contract laboratory can be used to provide botanical natural product study material. The advantage of a commercial source is that the product is representative of what is used by consumers, but care must be taken to ensure that the material is authentic, consistent, and stable. Obtain proper permissions before harvesting; collection of samples could be restricted due to local, state, federal, or international laws. material, such that intact DNA may not have been present even if the correct botanical natural products were used. 52 This controversy may have been avoided with the use of complementary analytical approaches suitable for characterizing extracts (such as described in 6.3 and 6.4).
Although beyond the scope of this review, there are other factors that make DNA barcoding of plants challenging, such as hybridization and polyploidy, slow mutation rates compared with speciation rates, as well as lineages that show rapid and recent divergence rates. In some species of plants, these factors can inuence the discriminatory power of standard plant barcoding markers. [53] [54] [55] [56] [57] [58] Despite these limitations, the use of two core plant DNA barcode regions rbcL (ribulose-bisphosphate carboxylase) and matK (maturase K) as well as two supplementary regions, trnH-psbA (chloroplast intergeneric spacers) and internal transcribed spacer (ITS) have been used for species discrimination in identifying plants via barcoding. 58 Given all these complexities and controversies, it is recommended that DNA barcoding of botanical materials be conducted in consultation with experts.
Authentication by targeted analysis of "marker compounds"
Information about the identities of known small molecule constituents (metabolites) present in a botanical extract (known as "chemotaxonomy") can be extremely useful in the authentication process. For most botanicals sold commercially as dietary supplements, there is a broad literature base that describes known metabolites and quantities in which they are likely to be present. When these constituents are unique to the botanical of interest, they are oen referred to as "marker compounds". Information about the chemical composition of a given plant is available in the primary peer reviewed literature, and in the form of "monographs" that summarize the chemical content of a particular botanical. Monographs are published by several sources, including the German Commission E, 59 US Pharmacopeia, 60 and Tyler's Herbs of Choice. 61 To make use of these monographs, the sample under question is analyzed by a method appropriate for detecting and quantifying the key marker compounds (see Section 9, Identication, structure elucidation, and quantitative analysis of bioactive compounds in the selected study material), and their identities and concentrations are compared with literature values. The most common analytical techniques for analyzing botanical constituents are ultraviolet/ visible (UV/VIS) spectrophotometry, mass spectrometry (MS), and Nuclear Magnetic Resonance (NMR) spectroscopy. Because of the complicated nature of botanical samples, it is also typical to perform chromatographic separation prior to analysis by spectrometric approaches. These chromatographic separations are most commonly carried out using gas chromatography (GC), high-performance thin-layer chromatography (HPTLC), highperformance liquid chromatography (HPLC), or a modern advancement on HPLC, termed ultrahigh performance liquid chromatography (UHPLC) prior to analysis by spectrometric approaches. The relative merits of different separation and analysis approaches for botanical natural products have been previously described. [62] [63] [64] [65] It is advised to use multiple approaches to characterize a single sample such that orthogonal data can be collected and compared.
Authentication by "chemical ngerprints"
In addition to specically analyzing individual marker compounds, researchers seeking to authenticate botanical natural products oen collect a "chemical ngerprint" that represents a more comprehensive prole of metabolites produced by the plant. This chemical ngerprint can be compared between two or more samples to assess similarity or difference (Fig. 2) . 66 The most common techniques used to measure chemical ngerprints are gas or liquid chromatography, coupled to either spectrophotometric or mass spectrometric detection. 62, 65 The resulting data can be viewed as a chromatogram, which displays detector response as a function of time (Fig. 2) , such that each "peak" in the chromatogram corresponds to a chemical constituent (or multiple constituents) from the sample. Quantitative NMR (qNMR) is another technique which provides chemical ngerprinting capable of distinguishing species and authenticating botanical origins.
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The relative intensities, retention times, and spectroscopic data obtained by chromatographic analysis can be used to putatively identify a sample. Small molecules are more stable than DNA, and they typically survive the processing involved with preparing botanical natural products. Thus, it is possible to authenticate many samples based on their metabolite proles that may not be characterizable by DNA barcoding. However, it is important to note that the "ngerprint" of which metabolites are present differs depending on the extraction procedure as well as analytical technique used to collect the data and the parameters of the specic analysis. 68 Thus, it is necessary to include authenticated reference material for comparison in the same analysis with the sample under question and processed by the same extraction procedure and solvent system (see Purchasing authenticated reference materials, Section 5.5) (Fig. 2) .
Authentication by untargeted metabolomics
Oen, it is of interest to compare more than two botanical natural product samples to each other and assess their relative differences and similarities. The technique, currently referred to as "untargeted metabolomics," can be very useful for this purpose. The "metabolome" is dened as the complete set of small molecules produced by a biological sample. Metabolomics techniques rely on measuring as many of these small molecules as possible (although it is never possible to measure the entire metabolome, due to limitations in analytical methods). Metabolomics has been employed to characterize the relationships between the metabolome of a given natural product and corresponding genotype, origin, quality, or other biotic or abiotic attributes. 28, [69] [70] [71] Two main analytical techniques are currently employed for metabolomic studies -MS and NMR. The relative advantages of these approaches have been discussed elsewhere. 28, [72] [73] [74] The ability of untargeted metabolomics analyses to simultaneously prole a large fraction of the phytochemical make-up of the botanical, and offer detailed characterization of the samples in question has led metabolomics to be a very useful tool in the authentication of botanical natural products.
The process of data collection for a metabolomics analysis is essentially the same as that described for chemical nger-printing, except that it is typical to analyze scores to hundreds of samples in a single analysis. This need to collect large datasets requires careful attention to experimental design, because runtimes are oen long, and dri in instrument response can cause artifacts in the data. Quality control checks throughout the run, as well as attention to sample order, blanks, and replication, are critically important. 75, 76 6.5.1 Metabolomics data analysis. The major challenge in metabolomics studies is not in data collection, but in interpreting the very large datasets that are generated. The process known as "chemometrics" refers to the statistical approaches used to analyze metabolomics datasets. Various approaches are used to simplify and compare the data (reviewed in Kellogg et al. (2016) ). 77 Most common among these is Principal Component Analysis (PCA), in which a dataset is transformed into a set of orthogonal variables (components) that account for the greatest degree of variability in the data. An example of how PCA can be employed to compare botanical samples is shown in Fig. 3 . Visual analysis of an untargeted metabolomic PCA scores plot of various commercial green tea preparations (Fig. 3A) yielded distinct clusters of loose-leaf green tea samples (green symbols), green tea supplements (blue symbols), and a non-green tea sample (orange). Targeted metabolomics, using only "marker compounds" found in green teas, produced less distinct separations (Fig. 3B) . 28 
Selecting a "representative" sample
Faced with a range of commercial samples purported to have been prepared from a given botanical natural product, how does the researcher select a representative product to advance to in Fig. 2 Representative liquid chromatography-mass spectrometry (LC-MS) fingerprinting of a green tea sample (A) compared against an authentic green tea (Camellia sinensis) standard from the National Institute of Standards and Technology (NIST 3254) (B). Both chromatograms were collected in the negative ion mode using ultrahigh performance liquid chromatography (UHPLC) coupled to electrospray ionization mass spectrometry; (reproduced with permission from ref. 28) . Note that on balance, the majority of the peaks, both in retention time (x axis) and relative abundance (y axis), match between the two samples.
Box 3 Summary of recommendations: authentication of natural products
Authenticate botanical materials to ensure the validity of in vitro, nonclinical in vivo, and/or clinical studies. Select an authentication method that is suitable for the type of specimens being analyzed. For example, extracted botanical supplements cannot readily be identied using DNA barcoding techniques. Authentication using only a single technique may be insufficient to ensure accurate identication of the botanical material, and the application of orthogonal methods (i.e. targeted analysis of marker compounds plus untargeted metabolomics or DNA barcoding) is recommended.
vitro, non-clinical in vivo or clinical studies? Numerous factors inuence the composition of a botanical natural product. For example, with green tea, cultivar, geography, elevation, sun exposure, climate, harvest time, harvest location (where on the plant the leaves were removed), as well as processing, fermentation, and manufacturing methodologies all led to discernable differences in nal phytochemical make-up of the product.
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These details are not readily available to the consumer (or postharvest researcher); thus, choosing one product out of a multitude of available options constitutes a major challenge. Researchers apply a wide variety of criteria for choosing natural products for further study, including convenience, 84 consumer preference, 28 or a custom prepared extract formulation contracted by the research team. 85 As a result, the natural product interventions that are evaluated may or may not have a resemblance to the products that are currently on the market or used by the greatest numbers of consumers. While it is typically not possible to select a single product that represents all of the products used by consumers, it is worthwhile to capture a "snapshot" of the variability among the pool of products available, such that a desired product can be selected rationally. To conduct such a comparison, it is rst necessary to obtain multiple products that represent those commercially available. For example, when the NaPDI Center prepared to conduct studies with green tea (Camellia sinensis) and goldenseal (Hydrastis canadensis), we purchased 34 and 35 commercially available samples of each botanical, respectively. We obtained fully characterized green tea samples from NIST, and several botanical reference standards of goldenseal from ChromaDex and laboratory collections. 28, 29 These products were then all extracted in the same fashion, and their metabolite proles were compared to those of the reference materials to select a representative product for in vitro and clinical studies. Here we describe our selection process in more detail, using green tea as an example. A similar approach has been employed by other laboratories for other studies of botanical natural products. 30, 86, 87 
Selecting a formulation
Botanical natural products are available to the public in a variety of formulations. Commercially available formulations include tinctures (ethanolic or glycerol extractions of raw plant material), tea bags for making hot water extracts, raw plant material for human consumption, capsules, and tablets. A different constituent prole may be obtained by extracting in alcohol versus hot water and by using different plant material (for example, roots versus leaves) as starting material. Not all capsules are prepared in the same fashion. Some are made of raw plant material encapsulated in some coating (i.e. gelatin), some have a liquid extract directly encapsulated, whereas others are prepared by spray drying an extract on some solid support, such as cellulose. The formulation used can alter the chemical composition of the product. Spray-dried extract capsules usually are more concentrated than capsules prepared from raw plant material and may also be chemically simpler or modied by the extraction process. Because of these differences, we recommend that multiple representative formulations and, if applicable, multiple plant parts, of a given natural product be subjected to chemical evaluation. For example, for studies our group conducted with green tea, both spray-dried and raw plant material Untargeted metabolomics analysis yielded clusters of distinct sample types (green tea supplements, green teas, and the negative control (indicated as "non-green tea")). (B) Targeted mass spectrometry analysis, using 15 quantified standards, was employed to differentiate between green tea samples and the negative control. However, distinction between green tea supplements and green teas was not as clearly defined, and the RM samples were clustered together, irrespective of their origin. Reproduced with permission from Kellogg et al.
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supplements and tea formulations in the 34 products were included in the initial evaluation. Metabolomics analysis demonstrated differences in proles of the loose-leaf tea versus the encapsulated green tea supplements. The PCA loadings plot revealed several metabolites present in higher concentrations in the green tea supplements than the leaf teas: myricetin, kaempferol, and quercetin aglycones, as well as theaavin 3-O-(3-O-methyl) gallate and the dimer epicatechin (4b/8)-epigallocatechin-3-O-gallate (Fig. 4) .
Another consideration when selecting natural product formulation is that the dissolution and absorption of the bioactive constituents, and by extension human systemic exposure, can differ depending on formulation.
88,89 These factors should be considered when designing in vitro, non-clinical in vivo, or clinical studies involving a botanical natural product.
Selection of product formulation should be guided by consumer usage. For example, we elected to conduct a clinical study with green tea as a beverage (hot tea) rather than a supplement based on popular use. 16 Similarly, a goldenseal capsule containing dried botanical material was selected because this formulation is most commonly used as a botanical dietary supplement. 
Standardized products
Some commercially available botanical natural products are sold with no information about chemical makeup, while others are "standardized" to (reportedly) contain a specic amount of a known constituent or constituents. 27 An advantage of standardization is that researchers, health care practitioners, and consumers are provided information that may be useful for selecting and adjusting dosage. 26 The standardization process may also provide consistency across products, with the caveat that methods used for standardization must be reproducible across multiple labs. 90, 91 Standardization can involve multiple analytical methods, including qNMR, 92 UV-VIS absorbance patterns, 90, 93 and MS proling. 94 Even for standardized products, label claims about content and identity of a natural product should be conrmed in-house or by a contract laboratory prior to conducting in vitro, non-clinical in vivo, and clinical studies.
A disadvantage of standardization is that the focus shis from the quality of the entire mixture to a single or limited set of constituents. Standardized extracts may be chemically simpler than non-standardized counterparts, because the process of enhancing the concentration of constituents may involve extraction procedures that reduce extract complexity. Reduced extract complexity can be a disadvantage when the true "bioactive" constituent is not known, such that standardizing to one constituent may result in a lower dosage (or complete lack) of a constituent responsible for the presumed biological effect. How does a researcher decide whether to use a standardized product for an in vitro, non-clinical in vivo, or clinical study? One consideration is whether the most popular product(s) used by consumers are standardized. It is also advisable to compare metabolite proles of standardized products to those of unstandardized counterparts to determine if components contributing to biological activity might have been lost during the standardization process (see Section 9.1).
Selection of extraction solvent
Once a series of representative products and authenticated standards has been selected, the rst step in chemical analysis is to prepare extracts from these products. Typical methods of extracting botanical natural products for human consumption include the use of aqueous ethanol or aqueous glycerin (to prepared tinctures), or hot water (to prepare a tea). Applying these same extraction procedures when preparing samples for chemical analysis may seem prudent. However, water, ethanol and glycerin extracts are difficult to manipulate in a laboratory setting. Drying botanical natural product extracts (removing solvents) for long term storage is ideal because extracts are most stable and least likely to degrade when solvent is not present.
95,96
Removing ethanol is a challenging process, removing water is more so, and removing glycerin is most arduous. Additionally, water extracts are unstable and contain polar constituents that confound chemical analysis and result in sticky, tar-like samples.
Unlike the aforementioned solvents, methanol is an outstanding solvent for preparing botanical natural product extracts prior to analysis. Methanol has an intermediate polarity that effectively solubilizes a wide range of structurally diverse small molecules, is inexpensive, and can be rapidly and efficiently removed under vacuum or a nitrogen stream. As such, many natural product extracts are prepared in methanol or similar organic solvents. 77, 97, 98 A disadvantage of these solvents is that they are unsafe for human consumption, raising concern that the resulting extracts are not representative of consumer use. While characterizing various green tea products prior to clinical evaluation, we addressed this concern by comparing hot water extraction (an obvious choice for tea) to methanol extraction. Methanol and hot water extracts contained similar quantities of catechins 28 and showed qualitatively similar biological activity in vitro. Based on these results, methanol extraction was selected for metabolomics analysis of green tea products. Because methanol enabled rapid and reproducible extraction of samples, the extraction process did not confound comparisons of the chemical composition of the products themselves. A follow up study showed that accelerated solvent extraction improved extraction efficiency of green tea components in methanol. 99 An alternative to methanol extraction includes "comprehensive" extraction techniques, with a gradient of solvents producing a variety of crude extracts with differing polarities. 100 Ultimately, the ideal extraction solvent will depend on the type of material being extracted, the methods used to prepare preparations for consumer use, and the study question. Extraction solvent choice should be carefully considered and justied based both on experimental data and practical considerations. As the extracts prepared for research purposes oen are not intended for human use, practical considerations of component solvation, ease of evaporation, and other physiochemical properties of the solvent may outweigh concerns about whether the extraction solvent is identical to that used to produce food grade products.
Quality control and comparison of botanical product composition
Targeted chemical analysis of known markers and untargeted metabolomics to authenticate botanical natural product samples can be used to characterize and compare a series of candidate botanical natural products prior to selecting a product for in vitro, non-clinical in vivo, and/or clinical study. Consider whether a standardized product is appropriate for a given application; there are advantages and disadvantages of standardization. Select an extraction solvent based on the research question, being mindful that there are many advantages to methanol extraction for stability, ease, and repeatability of laboratory work.
The advantage of untargeted chemical analysis for this purpose is that the analysis is relatively simple, can be highly sensitive and selective (leading to low limits of detection) and can be quantitative (when relevant reference standards are available; see Section 9.2). The disadvantage of targeted analysis for comparing samples is that the differences between samples may not be due to known "marker compounds". For example, in green tea studies conducted by the NaPDI Center, samples of tea leaves or powder were shown to differ chemically from green tea supplements when untargeted metabolomics was applied, as indicated by the distinct grouping in a PCA plot (Fig. 3) . However, when a PCA plot was generated using data from targeted analysis of 15 known green tea constituents, the differences among samples were less clear. As evidence of this lack of clear distinction, the points in the PCA plot in Fig. 3B representing supplement and tea samples overlap, suggesting (incorrectly) that the chemical makeup of the different samples is indistinguishable.
Quantitative metrics for comparing similarity of natural product mixture
Untargeted metabolomics approaches comparing botanical natural products yield a tremendous quantity of data. Multivariate statistical techniques (e.g., PCA and partial least squares discriminate analysis (PLS-DA)) have become routine analytical methods used to analyze these data 101 and serve as the backbone of metabolomic statistical analyses. PCA enables visualization of similarity and differences among samples by plotting them as points in 3D or 2D space (Fig. 3) . 102 With appropriate validation, PCA serves as an effective approach to compare qualitative differences among botanical samples. 103, 104 Other approaches, such as cosine calculations, measures based on vector distance, and measures based upon probabilistic difference, are used to generate quantitative metrics to compare chemometric or metabolomic spectral datasets. [105] [106] [107] [108] Recently, to facilitate selection of a green tea product for in vitro and clinical studies, we developed a new approach for quantitative comparison among samples in a metabolomics dataset, termed the composite score (CS). 28 The CS is based on the scores and loadings of the totality of a multivariate PCA model, rather than pairwise comparisons of components (as in traditional PCA scores plots). The scores and loadings are integrated into a single correlation matrix, which can be used to compare similarity between multiple samples (Fig. 5) . The CS ranges from À1.00 to 1.00. Values close to 1.00 indicate similarity among two samples (Fig. 5B) , whereas values further from 1.00 indicate more dissimilar samples (Fig. 5C ). The CS approach was used to evaluate which commercial sample was most similar to a given standard reference material. 28, 29, 99 The PCA plot (Fig. 3A) from the green tea study yielded distinct clusterings of green tea supplements versus loose leaf green tea products (teas and powders). However, resolution was lacking to discern which specic tea was most similar to the chosen standard, NIST T26; indeed, a different answer regarding which teas are most similar would be obtained depending on which two principal components were plotted against each other (PC1 versus PC2, PC2 versus PC3, etc.). CS analysis (Fig. 5 ) was used to evaluate which products were most similar to the reference, as well as to select a commercial product (T21) for in vitro and clinical studies. 28 
Adulteration of botanical natural products
Several reports have described suppliers of natural products selling products that are either unintentionally misidentied or intentionally adulterated (contaminated with botanical or other material different from that listed on the label).
64,87,109 Adulteration can occur in a variety of ways, including spiking synthetic compounds into the plant material or adding or substituting a different (less expensive) species, representing cost-savings to a dishonest supplier. 110 When studies are unknowingly conducted with adulterated or misidentied plant material, results may be irreproducible in future studies or irrelevant to the botanical supposedly under evaluation. Thus, testing botanical natural products for adulteration is critical.
Several research groups have used targeted 64,87,90,111-113 or untargeted methods [114] [115] [116] to identify adulterants in botanical natural products. For example, we studied 35 commercial products listed as "goldenseal". PCA of untargeted metabolomics revealed a distinct grouping of goldenseal material, including both root/rhizome-and leaf-based samples (Fig. 6 ), yet three samples (GS-07, GS-20, and GS-33) were distinctly separated from the other clusters. 29 Separation of these samples from the others in the PCA scores plot raised suspicion that they were misidentied or adulterated with other botanical products.
To tentatively identify the species present in the outlier materials, reference material for three non-goldenseal species that serve as common adulterants were included in the dataset: Coptis chinensis rhizome (GS-39) and root (GS-40), Mahonia aquifolium leaf (GS-41) and root (GS-42), and Berberis vulgaris root (GS-43). 110, 117, 118 The resulting PCA scores plot ( + ) revealed specic concentration patterns (Fig. 7) for the putative adulterants that supported the hypotheses generated by the metabolomic analysis.
29
This example illustrates the usefulness of both untargeted and targeted methods for identifying adulterated samples. PCA plots generated from untargeted metabolomics can be used to give a broad sweep analysis of the data and identify potential outliers, and follow up targeted analyses can help verify that adulteration has occurred and, if sufficient literature precedent exists, determine the identity of adulterants. 
Consideration of contamination
A potential risk with botanical natural products is contamination by heavy metals, 119 pesticides and herbicides, 120 residual solvents, 121 fungal spores and mycotoxins, 122 or microbes.
123
These concerns have received considerable attention, and recent reviews of the risks, policies, and analyses of contaminants in botanical natural products are available. 27, 31, 112, 124 In 2010, the FDA instituted the requirement that botanical natural products must be prepared using good manufacturing practices (GMP) that provide guidance for safety, consistency, and reproducibility of these products. 21, 125 GMP producers certify that their products are consistently produced and controlled according to quality standards. Whether the product is custom formulated 21 or obtained from commercial sources, testing is required for contaminants, including "heavy metals, microbial limits, residual pesticides, adventitious toxins (e.g., aatoxins), [and] endogenous toxins (e.g., pyrrolizidine alkaloids)" according to 21 CFR 111.70(b) (3) . Product batches that do not meet the limits of contamination must be rejected. 125, 126 FDA guidance also species that at least one test must be used to verify botanical ingredients using a validated method. 112 However, because the manufacturer is responsible for developing GMP procedures for each botanical natural product, there is no standardized procedure across the industry. In addition, compliance enforcement is limited and does not require evaluation or verication of authenticity or screening for contaminants by a third party.
124 Given these limitations, testing botanical natural product study materials for contamination by pesticides, heavy metals, microorganisms, and residual solvents is advised. Such tests can be accomplished in house or through a contract laboratory. Screening is done in a targeted fashion, i.e. the analyst species a list of common or likely contaminants a priori and analyzes the sample to determine levels of these contaminants. The challenge with this approach is selecting which contaminants to test for among the almost unlimited number of potentials. Selection of contaminants can be guided by consultation with the literature or based upon knowledge regarding the environment in which the sample was grown and the processing it was subjected to post-harvest. Nonetheless, it is easy to imagine that some contaminants may be unexpected and, therefore, overlooked. Untargeted metabolomics may serve as a useful tool for identifying unexpected contaminants. 29, 111, 115, 127 However, it should be noted that untargeted methods are likely to have higher limits of detection than targeted methods; thus, the former may fail to detect low-level contaminants. Furthermore, some contaminants are detectable only with specialized analytical methods. For example, GC-MS is appropriate for the analysis of certain pesticides and residual solvents, but does not respond to many non-volatile contaminants, and a specialized system such as an inductively coupled plasma mass spectrometer (ICP-MS) is needed to detect heavy metal contaminants. With these challenges in mind, the analyst should carefully consider what the most likely contaminants are in a given sample and apply multiple analytical techniques and a combination of both targeted and untargeted methods to maximize the likelihood of detecting as many contaminants as possible.
9. Identification, structure elucidation, and quantitative Analysis of bioactive compounds in the selected study material
Once a natural product has been selected for in vitro, nonclinical in vivo, or clinical studies, it should be thoroughly characterized, and concentrations and identities of key bioactive constituents (i.e., those responsible for the reported biological activity) should be determined. Such knowledge can be used to adjust dosage and conduct quality control. The challenge is that identities of bioactive constituents relevant to the activity being studied are oen not known and are likely to differ depending on the biological activity evaluated.
62,128,129
Assigning bioactive constituents is not trivial, as a given botanical extract may contain hundreds or thousands of constituents. 130 The collective activity of the extract may be due to the combined action of these constituents acting in an additive, synergistic, or antagonistic manner. [131] [132] [133] [134] [135] Despite these challenges, focusing solely on one or two constituents in an extract is not prudent (discussed in Sections 6.3-6.5). For some of the well characterized botanicals, nearly complete characterization of major constituents can sometimes be possible. For example, in our work with green tea, 15 commercially available pure standards were obtained that represented major and minor peaks in a LC-MS chromatogram (Fig. 2) . The sections below highlight key points to consider when conducting qualitative and quantitative analysis of botanical extracts and assigning biologically active components. Based on practical experience, a summary of common pitfalls during quantitative and qualitative analysis of botanical extracts is provided (Table 2 ).
Determining which constituents of a botanical natural product are biologically active
The gold standard approach for identifying bioactive mixture components is bioassay-guided fractionation, in which the extract is subjected to successive rounds of fractionation and purication (see Section 9.2), with each fraction prioritized for the next stage based on biological assay data. Such an approach has been used in countless studies, with perhaps the most wellknown being discovery of the cancer chemotherapeutic agent taxol (aka paclitaxel) from the Pacic yew tree. 136, 137 An alternate approach to bioassay-guided fractionation when targets are known and available in sufficient quantity is pulsed ultral-tration mass spectrometry, 138,139 the advantages and disadvantages of which are detailed elsewhere. 140 In general, we nd that bioassay-guided fractionation is the most effective strategy for identifying bioactive mixture components when the specic targets and mechanism of action of a given botanical natural product are not known, and when those activities can be modeled effectively in vitro. Bioassay-guided fractionation can be enhanced using statistical approaches to integrate biological assay data with chemical metabolite (metabolomics) proles, a process oen referred to as 'biochemometrics'. 77, 141 9.1.1 Advantages and limitations of in vitro assays. A critical element of bioassay-guided fractionation is biological evaluation. Biological activity of a given botanical extract constituent is typically assessed using an in vitro assay.
21,142,143
Isolated compounds with promising activity may eventually be tested in non-clinical (animal) models and potentially in clinical studies. However, it is oen infeasible to conduct such in vivo studies with the speed and scale necessary to facilitate bioassay-guided fractionation; thus, fractionation and isolation efforts are typically guided by in vitro evaluation.
In vitro assays are used to assess the potential for natural product constituents as lead compounds for a diverse array of illnesses, including cancer, bacterial infections, and diabetes. [144] [145] [146] Cell-based assays can be used to guide future in vivo studies to test for safety and efficacy of natural products, 147 to give insight regarding potential interactions between natural products and conventional drugs, [148] [149] [150] and to predict how food matrices could affect the pharmacokinetics of natural product constituents. 151 For studies evaluating interactions between natural products and conventional drugs, mechanistic insight gained from in vitro studies is imperative to guide further evaluation via mathematical (e.g., physiologically-based pharmacokinetic) modeling or clinical studies. 6 However, in vitro assay data may not always translate to in vivo activity, partially due to the inherent complexity of biological systems, and the effects of other biological factors (e.g., microbiota) that are not accounted for in most in vitro models. 152 Additionally, many botanical natural products are used for purported health benets that are non-specic and difficult to model in vitro, such as "improving immune health" or "enhancing adaptability to stress". In light of these challenges, it is important to keep in mind that the extent to which any bioassay-guided fractionation experiment is useful is fundamentally limited by the availability of a relevant, robust and translatable biological assay.
9.1.2 Approaches for integrating in vitro data with chemical composition. Visual inspection of chromatographic data is oen used to guide isolation efforts as part of bioassay-guided fractionation experiments. Limitations of this approach include a tendency to focus on constituents that are most abundant, most responsive to the detector, or most easily isolated. In addition, re-isolation of known active compounds has plagued traditional bioassay-guided fractionation experiments. This problem of re-isolation can be addressed using various "dereplication" approaches, which oen rely on comparing experimentally measured spectroscopic data with databases for known compounds. [158] [159] [160] [161] When the active constituents of a botanical natural product are not known, several methods are available to correlate metabolite proles with bioactivity data and guide isolation of constituents most likely to be active. Use of statistical approaches to integrate biological assay data with measurements of chemical composition is termed "biochemometrics".
141 Partial least-squares (PLS) modeling and associated variants (partial least-squares discriminate analysis (PLS-DA) and orthogonal partial least-squares discriminant analysis (OPLS-DA)) have become major statistical methods for biochemometric analysis.
162-164 PLS modeling has been adapted to identify individual (or several) metabolites that are predicted to be responsible for the bioactivity of a complex natural product mixture. 77, 165, 166 For the NaPDI Center study of green tea, a biochemometric approach was used to predict which catechins were responsible for the in vitro inhibition of intestinal UDP-glucuronosyltransferases (UGTs). The selectivity ratio [167] [168] [169] was used as a metric to demonstrate the extent to which a given mixture constituent was associated with biological activity. constituents in a selected bioactive subfraction. Selectivity ratio analysis predicted (À)-epicatechin gallate (ECG) to be a major contributor to inhibition of UGTs (Fig. 8) . This prediction was conrmed with follow up in vitro studies using commercially available catechins and the clinically relevant intestinal UGT substrate raloxifene. 170 
Obtaining "pure" standards
Efforts to identify and quantify constituents of botanical extracts oen rely on the availability of puried standards. Several commercial suppliers provide pure samples of individual botanical compounds and include Sigma-Aldrich (St. Louis, MO, USA), ChromaDex (Irvine, CA, USA), NIST (Gaithersburg, MD, USA), and the United States Pharmacopeia (Rockville, MD, USA). The modest cost of these standards typically far outweighs the time and effort involved in obtaining standards via independent isolation methods. A standard comes with a "certicate of analysis" that reports identity and purity of the sample. Additional characterization (by LC-MS and/or NMR) is recommended to conrm accuracy of information included in the certicate of analysis.
155
When standards of the compounds of interest are not available commercially, isolating these compounds from the complex starting material is necessitated. 171 A number of separation techniques can be used for this purpose, including solid phase extraction, 172 counter current chromatography, 173, 174 HPLC, 175 or thin layer chromatography (TLC). 176 The most common strategy for isolation of constituents from natural products is a combination of liquid-liquid partitioning and column chromatography approaches. A typical fractionation Table 2 Common pitfalls in quantitative and qualitative interpretation of data from botanical extracts (1) Assuming that relative peak intensities in a chromatogram represent relative concentrations in the sample Do not assume that a large peak means a high concentration of analyte in an LC-MS or LC-UV chromatogram. Instead, recognize that they reect the responsiveness of the analyte to the detector, i.e. its ionization efficiency (for MS) or its molar absorptivity (UV). One approach to circumvent this problem is to use an evaporative light scattering detector (ELSD) or charged aerosol detector (CAD). 153, 154 The response of these detectors closely reects relative abundance of analytes in the sample, but they are less sensitive than MS or UV (2) Attempting to quantify analytes without reference standards Because response of the detector (mass spectrometer or spectrophotometer) depends on structure, an authentic standard should be used to quantify the unknown of interest (3) Assuming that the absence of a constituent in the data means an absence of the compound in the sample Failure to observe a compound in the data means only that it was not detectable by the technique used above a specic stated limit of detection. It does not mean that the analyte was absent from the sample. Including a positive control can help address this problem. If the analyte of interest is detectable in the positive control but not in the sample, the analyte likely is absent from the sample (above the limit of detection) (4) Overstating the accuracy to which a concentration is known Absolute quantitation (knowledge of the true amount of a given compound in a botanical sample) is difficult to achieve. Factors such as inefficient extraction, lack of purity in the standard, and dri in instrument response make knowledge of true absolute concentration extremely difficult to assess. Avoid chasing perfect and absolute quantitation when relative or approximate quantitation will be sufficient. On the other hand, knowing that most quantitative measures are not as absolute as the reports may imply, avoid the pitfall of comparing samples from different runs or different laboratories when the results may be different due to factors inherent in the analysis. Include appropriate replicates, references and controls in each experiment such that comparison among experiments is possible. Report the concentration of a given analyte with its associated uncertainty and to the correct signicant gures (5) Assuming conrmation of identity with MS data Even if appropriate standards are used to match retention time and fragmentation patterns of unknown compounds in a sample, mass spectrometry data does not conrm conguration of stereoisomers. NMR is needed for such conrmations. However, depending on the needs of the study, knowledge of conguration of stereoisomers may not be necessary, and MS data may be sufficient (6) Extrapolating results beyond the linear range of the calibration curve Always dilute samples so that the analyte of interest falls within the linear range of the calibration curve. Failure to do so may result in serious underestimation of analyte concentration. Errors also result from attempting to quantify analytes present at too low of a concentration, i.e. below the limit of quantication for the analytical method (7) Failing to account for matrix interference Matrix interference occurs when the matrix (everything but the analyte in the sample) alters the response of the analyte. This issue can be particularly pronounced with mass spectrometry as an analytical method. The best strategy for avoiding matrix interference is to dilute the sample as much as possible and subject it to chromatographic (8) Assuming a sample is "pure" based on LC-UV data When interpreting LC-UV data, it is important to remember that contaminants will not be detectable unless they absorb light in the region used for the analysis. Quantitative NMR represents an alternate method to determine purity 155 (9) Assuming that each peak in an LC-UV chromatogram represents a single compound Multiple compounds in a complex sample may coelute in what appear as a single peak. Thus, one peak does not necessarily mean one compound. MS detection can be used to identify coeluting compounds if they differ in mass. Examination of UV spectra at multiple retention times across a single chromatographic peak can also aid in detecting coeluting compounds (10) Assuming that each peak in the mass spectrum represents a different ion Clustering and in-source fragmentation in mass spectrometric analysis oen lead to multiple masses that represent a single ion. Identifying the true "molecular ion" can be difficult. Soware packages such as RamClust 156 and IntelliXtract 157 can help assign identities of clusters and fragments and group associated ions scheme involves several steps, as illustrated in Fig. 9 . The sample is extracted in methanol, partitioned between chloroform and water or ethyl acetate/water, and subsequently subjected to an additional partitioning step between methanol : acetonitrile and hexanes.
177 These steps could be modied using acid/base conditions if the target metabolites are alkaloids. The resulting residue is dried under nitrogen and subjected to several stages of normal phase ash chromatography. Finally, pure compounds are isolated using reversed phase preparative HPLC. The solvents and stationary phases used for the separation can be varied to optimize separation of the compound of interest. Isolation of milligrams of pure material oen takes weeks or months (or may be unsuccessful) depending on the difficulty of the separation and the skill of the analyst. 178 As such, isolation of all constituents in a given botanical extract is typically unfeasible, and it is helpful to guide isolation efforts with biological assay data, as described in Section 9.1.
Structure elucidation of constituents of botanical natural products
Identication of metabolites in botanical extracts has been reviewed previously, 179, 180 and structure elucidation of natural product constituents is detailed in several textbooks. 181, 182 Two approaches are commonly used: isolation and subsequent structure elucidation via NMR or characterization of mixture constituents without isolation via LC-MS. Conclusive assignments of structure are made via NMR and it is the preferred technique when sufficient material (typically 0.5 to 1 mg) has been isolated. 183 Structure elucidation via NMR is conducted in combination with other spectroscopic approaches, notably high resolution MS, which enables determination of molecular formula.
180 Accepted guidelines from peer-reviewed journals (e.g., Journal of Natural Products) recommend that assigned 1 H NMR and 13 C NMR spectra be presented for review, as well as molecular formulae calculated by relying on accurate mass measurements with MS, UV absorptivity, and any additional Fig. 8 Biochemometric analysis of the inhibition of UDP-glucuronosyltransferase (UGT) activity by green tea constituents. Mass spectrometrybased metabolomics was correlated with bioactivity to generate a partial least squares (PLS) model for eight green tea subfractions. This model was used to determine the selectivity ratio for each feature detected in the green tea extract (A), the x-axis represents sample components detected as unique m/z-retention time (TR) pairs (features) in the extract. The more negative values on the y-axis represent more significant contribution to the observed UGT inhibitory activity. All six detected ions (spectral variables) represent isotope peaks and cluster ions of (À)-epicatechin gallate (ECG) (B) molecular ion, suggesting that ECG is the dominant bioactive ion in the green tea matrix. Adapted with permission from Tian et al. (2018) .
stereoscopic information as needed. 10 In the very near future, we anticipate that many journals will require the deposition of raw NMR data associated with the structure elucidation of organic molecules, akin to the way DNA data are deposited in GenBank; a recent review in Natural Products Reports, coauthored by over 70 scientists, advocates for this practice.
184
For comprehensive characterization of mixtures without isolation, LC-MS (or GC-MS for volatile samples), is the most effective approach. Challenges, pitfalls, and strategies to identify botanical natural product metabolites by mass spectrometry have been detailed previously. 62 If high resolution mass spectrometry is used, accurate measurements of mass are possible to tentatively identify extract components based on calculations of molecular formula. Mass spectrometers with the ability to measure mass with sufficient accuracy include those with Orbitrap, Fourier transform inductively coupled resonance (FT-ICR) or quadrupole time-of-ight (Q-ToF) mass analyzers. The condence with which structure can be assigned based on mass spectrometric data is increased when retention time and fragmentation patterns for the component of the unknown sample can be compared to those of pure, isolated standards.
186-188
However, mass spectrometry is not a conclusive technique for assigning conguration of stereoisomers.
Quantitative analysis
The goal of quantitative analysis is to determine the absolute concentration of a known constituent (analyte) of a complex botanical extract. Effective quantitative analysis requires an isolated standard identical to the constituent to be quantied (see Section 9.2, Obtaining "pure" standards). Dilutions of this standard are prepared and analyzed with the extract. A calibration curve of detector response (most commonly chromatographic peak area under the curve) vs. analyte concentration is plotted. The calibration curve is analyzed via regression over the linear range (range in which response increases linearly with increasing concentration). The response (peak area) for the analyte in the extract is substituted into the equation for the best t line, and the concentration in the extract and the original plant sample is back calculated by adjusting for all necessary dilutions. 189 To improve the accuracy of quantitative analyses, methods using isotopically labeled standards (when available) can also be employed.
190-192
The most popular techniques for quantitative analysis of botanical natural products are GC or GC-MS (for volatile sample components) and LC-UV/VIS or LC-MS (for nonvolatile sample components). The relative merits of these techniques are detailed elsewhere. 62 Briey, LC-MS oen (but not always) provides lower limits of detection compared to LC-UV/VIS. An additional advantage of LC-MS is that it can be used to obtain orthogonal data about analyte mass and fragmentation pattern that is helpful for deconvoluting chromatograms and conrm-ing identication.
158 LC-UV/VIS, on the other hand, is typically less susceptible to matrix interference and for some applications demonstrates improved linearity, particularly at the high end of the calibration curve. 95 Instruments with UV/VIS detectors are also less expensive and available to a broader base of analysts. Having access to instruments equipped with both UV and MS detectors, such that identity of the quantied constituents can be conrmed using more than one data type, is ideal. When both UV and MS data are available, quantitative analysis Fig. 9 Standard extraction and fractionation scheme for a natural product. The sample material is macerated with an organic solvent, usually methanol, then subjected to repeated liquid-liquid partitions, yielding a final organic extract. This residue is fractionated with a normal-phase flash chromatography system, after which the fractions are further separated via a reverse-phase HPLC separation to yield purified compounds. 77, 185 can be accomplished with whichever technique provides the most linear data in the region of interest.
When conducting quantitative analysis, analyzing the extract (botanical natural product) at multiple dilutions is recommended. A typical analysis includes a series of 2-fold or 10-fold dilutions of the extract, with the highest concentration in the range of 1.0 mg mL À1 (expressed as dry weight of extract per volume of dilution solvent). It is oen desirable to quantify more than one constituent, and the ideal dilution to achieve a concentration within the linear range of the calibration curve will vary from constituent to constituent. Thus, analyzing the extract at multiple dilutions is helpful. A series of 2-fold or 10-fold dilutions of the standard is also included in the same analysis with the extract to generate a calibration curve for quantitative analysis. The resulting calibration curve should span the maximum linear range, and several dilutions above and below this range should be included to enable the full range to be determined. AOAC INTERNATIONAL (The Association of Analytical Communities) recommends including 6-8 data points within the linear range.
193
One question that oen arises when conducting quantitative analysis is the issue of whether (or how) a method has been validated. Validation is a process by which a given method is optimized for parameters related to accuracy, precision, limits of detection and quantitation, linear range and robustness. 90 Other elements of method evaluation in the context of botanical natural product research include measurements of extraction efficiency and checking for potential matrix interference. Methods can be validated both within a single laboratory (intralaboratory validation) 95, 194 or across multiple laboratories (interlaboratory validation). 67, 90 The International Council for Harmonisation of Technical Requirements for Pharmaceuticals for Human Use (ICH) provides general guidelines for validation of analytical methods, 195 and more specic guidelines and denitions related to validation of constituents of botanicals have been draed by a subcommittee of AOAC INTERNATIONAL. 13, 193 When selecting a method for analysis of botanicals, we recommend reviewing multiple published methods (if available), with particular attention to those that have been validated. However, for practical reasons, including differences in available expertise, samples and instrumentation, it may be difficult to precisely replicate even a validated method for a new study. This is particularly true if the method has not already been subjected to interlaboratory validation. For this reason, it is typically useful to validate the selected method as part of the given project. One excellent strategy for checking accuracy is to obtain a botanical reference sample for which concentrations of the bioactives of interest are known, then compare the results obtained with the selected method to those reported on the certicate of analysis for the reference material. Such validation can be performed using reference standards from NIST (if available) for which marker compound concentrations have been reported. To avoid misleading results due to matrix interference, it is important to check the accuracy of the method in the botanical matrix of interest. For example, our methods for quantifying catechins as part of the NaPDI Center's green tea study were tested by analyzing a NIST green tea standard reference material, not isolated catechins. 28 If no commercial reference material of the botanical is available, alternate techniques for quantifying metabolites are available. One technique is to conduct a "spike recovery" study, in which a standard is spiked into the botanical matrix at known concentrations, and the concentration is backcalculated to evaluate accuracy. 95, [196] [197] [198] Quantitative NMR and pre-or post-column derivatization 199 also can be used to quantify metabolites without known standards.
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We end this section with a word of caution, which is that it is easy to become so focused on method validation that one is distracted from the overall research question (which typically relates to safety and/or efficacy of a botanical). It is oen true that variability in biological response is so signicant that it is unnecessary (and even a waste of time) to pin down concentrations in a botanical extract to the highest level achievable by a trained analytical chemist. The extent to which validation is necessary should be carefully considered in the context of the research question being evaluated.
Conclusions
The process of selecting botanical natural products for in vitro, non-clinical in vivo, and clinical studies is complex, and the ideal approach must be tailored on a case by case basis. Nonetheless, as a result of extensive experience, and much trial and error, we have identied a few common themes, pitfalls, and questions that almost always arise. In the preceding sections, we sought to address these by presenting examples from work conducted as a part of the NaPDI Center in the context of current literature. While constructing the recommendations provided in this report, we have considered the need to balance the ideal, i.e. what would be done in a situation where time, person power, and funding were unlimited, with the practical, i.e. what is possible subject to realistic constraints. We provide Table 3 as a summary of many of the recommendations from the text, and to highlight a few Box 6 Summary of recommendations: identication, structure elucidation, and quantitative analysis of bioactive constituents
Knowledge of which constituents in the botanical extract are biologically active is needed to establish quality control procedures and determine dosage. Biological activity may be due to more than one constituent, and the active constituent prole may vary depending on which biological activity is tested. Because of the inherent complexity of botanical extracts, isolating all constituents and testing them individually for biological activity is infeasible. Bioassay-guided fractionation, which can be enhanced with biochemometric analyses, can be used to direct isolation efforts towards identifying compounds likely to be active, provided that a relevant and robust in vitro assay is available. Results of bioassay-guided fractionation experiments should be interpreted with consideration of the potential limitations of translatability to clinical studies. Quantitative analysis of active compounds can be accomplished using isotopically labeled standards or calibration curves prepared from standards of the compound of interest in the relevant matrix.
additional points for consideration. It is our expectation that consideration of the topics addressed herein will enable the design of rigorous and reproducible studies with complex botanical natural products, and prevent the wasted time, funds, and effort that goes into studies where product selection has not been carefully considered.
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This project was supported by the National Institutes of Health via the National Center for Complementary and Integrative Health, specically the Center of Excellence for Natural Product Table 3 Practical tips for selecting botanical natural products prior to conducting in vitro, non-clinical in vivo, and clinical studies Screen many products Acquire and chemically evaluate as many different products as feasible. Most studies reviewed selected >20 products, 28, 29, 86, 94, 201 although lower thresholds may be acceptable depending on limitations due to funding, logistics, and availability. Products selected for a given study or studies should be representative of consumer usage
Conrm identity claims
Verify all claims on labels via an independent analysis (e.g., the researcher's laboratory or a contract laboratory). This is important both for commercial botanical products and reference standards Authenticate thoroughly Authenticate using multiple orthogonal techniques and by comparing with trustworthy, vouchered samples. While this may seem obvious, avoid the wasted effort of conducting a research project starting with the wrong botanical
Obtain vouchers
Collect a voucher specimen and submit it to a publicly accessible collection at an herbarium. When a commercial product is used and a voucher specimen is not accessible, compare the chemical prole of the botanical to be used in the study to that of a vouchered reference material Collect plant specimens using paper bags Plant specimens should be stored in paper, rather than plastic, bags aer collection. Plastic bags can contaminate the specimens with polymers that may mistakenly be attributed to the specimen. Plastic bags also prevent gas exchange, allowing moisture to accumulate rapidly, and accelerating fungal growth and potential mycotoxin contamination
Reserve samples
When preparing an extract, always save a labelled and catalogued sample of the starting product (extract, supplement, or dried plant material). When purifying an extract for analysis (i.e. conducting preparative chromatography or liquid-liquid partitioning), save a small sample of the extract and of each successively puried fraction. This reserved aliquot can be re-analyzed as necessary for chemical composition and biological activity. It is better to err on the side of saving too much of these materials than to save too little (or none). Relative to the cost of the future studies, the price of starting with well more than is needed is modest Extract with methanol Use methanol to prepare samples for chemical analysis and in vitro evaluation. Methanol is an effective extraction solvent because it facilitates reproducible production and stable storage of extracts. If necessary, conduct a parallel extraction with other solvents to ensure relevance to consumer usage. In the authors' experience, selection of extraction solvent typically does not change the prole of small molecule metabolites in a sample to a large extent, albeit relative amounts of these compounds may be altered. Methanol has a lower boiling point than ethanol or water, which facilitates its evaporation at lower temperatures, thus minimizing the chance of decomposition of the sample during evaporation. It is also our experience that the difficulty in working with and storing extracts prepared in other solvents introduces artefacts and unexpected complications into a research study, and some other solvents (such as DMSO) can contribute to the oxidation of extract constituents 88 Include controls in analyses Botanical reference standards aid in the detection of adulterated products and enable botanical authentication, whereas chemical standards aid in quantication and provide the opportunity to monitor the performance of the analytical method Purchase or collect more of a single lot than needed for in vitro and/or clinical studies When using a commercial product, purchase double or triple the amount of product needed for the given study or studies. Where possible, purchase all of this material from a single lot to ensure consistency within and between studies Characterize fully (not just for marker compounds) Obtain the most comprehensive prole of metabolites possible when characterizing an extract. Techniques that focus on a few metabolites (or purported "marker compounds") may produce misleading results and may unintentionally imply similarity among products that may possess different biological activities Consider the limitations of the analytical technique A few common errors in interpreting data analysis of botanical extracts are listed in Table 2 . Careful data analysis and inclusion of appropriate controls and replicates is important to avoid these errors Be cognizant of potential endotoxin contamination Lipopolysaccharides (LPS, also referred to as endotoxins) are bacterial components that can profoundly inuence in vitro assays, particularly those evaluating immunomodulatory activity. Because botanical extracts contain endophytic and epiphytic bacteria (and other microbes), it is virtually impossible to avoid contamination with LPS in extracts prepared from botanicals. Even ethanol extracts can contain sufficient LPS content to alter the results of biological assays 202 Store samples cool, dark, and dry Never store extracts in liquid form, even in the freezer. Freeze/thaw cycles, especially in solvents such as DMSO, can result in accelerated degradation. Storing samples dry and in dark and cool conditions is the best way to prevent degradation. Cooler temperatures, such as refrigeration or freezing, are indicated to prolong the activity and chemical stability of prepared extracts. 203 However, the type and extent of degradation that occurs will differ depending on the natural product being evaluated. Thus, it is advisable to monitor for potential degradation products by collecting chromatographic proles immediately aer the sample is prepared, and then at regular intervals or prior to each experiment in which it will be evaluated for biological activity Drug Interaction Research (NaPDI Center, U54 AT008909 
